OBJECTIVES: Biological heart valve prostheses are characterized by a limited durability due to the degenerative processes after implantation. Tissue engineering may provide new approaches in the development of optimized valvular grafts. While re-endothelialization of decellularized heart valves has already been successfully implemented, interstitial repopulation still remains an unaccomplished objective although it is essential for valvular functionality and regeneration potential. The aim of this study was to compare different concepts for an improved in vitro interstitial repopulation of decellularized heart valves. A novel 3D heart valve model has been developed to investigate the cell behaviour of valvular interstitial cells (VIC) in their physiological environment and to evaluate the potential of in vitro repopulation of acellular heart valves.
INTRODUCTION
Degeneration of the aortic valve (AVD) is one of the most common cardiovascular pathologies in the elderly population and represents a pivotal cause for cardiovascular mortality. Nearly 3% of all population aged >74 years suffer from relevant AVD [1] . Prosthetic aortic valve replacement (AVR) is the only curative therapeutic option for these patients nowadays; pharmacotherapy at most can delay the intervention for a certain time with yet a poor clinical outcome [2] . However, younger patients may also be in need of an AVR due to infective endocarditis or congenital heart defects. In principle, there are two prosthesis types used for AVR today, mechanical and biological prostheses. Mechanical prostheses require a lifetime anticoagulation treatment and are associated with an increased risk of thromboembolic or major haemorrhagic events. In contrast, conventional biological prostheses consisting of non-vital tissue without the potential of growth, regeneration, matrix-renewal or cell turnover are prone to significant degeneration in vivo, resulting in a limited durability [3] . Particularly, in the collective of young patients, novel bioprostheses with the potential of proliferation and matrix regeneration, potentially allowing for growth processes of the graft and adaption to changing mechanical stresses are warranted to avoid reoperations in the further course.
Heart valve tissue engineering provides new perspectives for the development of optimized prosthetic heart valves. Different synthetic and biological materials as well as decellularized heart valves have been evaluated so far [4] , including biological scaffolds with an extracellular matrix (ECM) made of Collagen I or matrigel, a basement membrane extract from murine Engelbreth-HolmSwarm sarcoma. Decellularized heart valves have been generated by enzymatic digestion with trypsin or nucleases [5] and also by non-enzymatic procedures using detergent solutions such as sodium dodecyl sulphate (SDS), deoxycholic acid (DCA) or Triton X [6] . Both approaches result in reduced inflammatory and immunological reaction when implanted in animal and human recipients and providing a matrix similar in structure to the native valve at the same time [7, 8] .
In theory, a fully functional tissue-engineered heart valve (TEHV) has to be reseeded with valvular endothelial cells (VEC) and valvular interstitial cells (VIC), representing the two essential cell types populating the aortic valve.
While the in vitro repopulation of decellularized extracellular matrix (dECM) with VEC has been successfully demonstrated in the past, using a bioreactor system and defining a first important step for clinical introduction of TEHV [6] , interstitial repopulation of TEHV represents a yet unsolved task.
In vivo experiments have shown a slight interstitial repopulation of the valvular matrix after implantation of decellularized heart valves, with VIC apparently migrating from the outside into the leaflets. However, only a partial repopulation of the valvular leaflets has been observed at 3, 5 and 9 months [7, 9, 10] . While clinical testing with re-endothelialized TEHV has been performed in pulmonary position, there is still a long way to go for reimplantation of tissue-engineered aortic valves fully repopulated with VEC and VIC due to the higher pressure levels and alterations in the valvular texture. It has to be taken into consideration that these structural differences between aortic and pulmonary valves may influence the cell behaviour and migration tendency inside the valvular matrix even after the decellularization procedure. The varying anatomical features of pulmonic versus aortic valves suggest a differential repopulation susceptibility although these hypotheses yet have to be investigated.
The aim of this study is the evaluation of different methods for interstitial repopulation of dECM derived from aortic valves with VIC as a next step towards the development of TEHV and as a new model for the in vitro analysis of cell behaviour in a physiological 3D scaffold. Results are subjected to a comparative analysis taking VIC behaviour in a matrigel-based 3D culture as a competitive condition.
METHODS

Decellularization of ovine heart valves
Ovine hearts were obtained from a local abattoir shortly after slaughtering and stored on ice until further preparation for a maximum period of 3 h. The aortic valve including the annulus fibrosus and all three cusps was excised and decellularized by a detergent solution containing 0.5% SDS, 0.5% DCA and 0.05% sodium azide (NaN 3 ) for a total of 48 h. Detergent solution was changed every 12 h, essentially representing the protocol repeatedly reported by previous reports [7, 10] , with a modification represented by the addition of NaN 3 as a potent antimicrobial agent, inhibiting cytochrome c oxidase of the respiratory chain [11] . In routine histological analysis to quantify decellularization efficacy and to evaluate ECM architecture, we found essentially the same results as previously obtained by SDS and DCA. Subsequently, valves were rinsed in 0.05% NaN 3 for 24 h followed by three cycles of 48 h washing with phosphate buffered saline (PBS) + 1% penicillin/streptomycin. After complete decellularization, the cusps were marked on the ventricularis layer with a simple interrupted suture, subsequently excised at the base and used for further experiments as 3D scaffold.
Manipulation of decellularized extracellular matrix surface
Previous work has shown that the application of DCA, SDS results in decellularization of heart valves preserving the basement membrane, the latter representing a cell penetration barrier in vitro and in vivo, as repeatedly indicated by chronic large animal studies [7, 9, 10] . In the current study, different approaches have been pursued to facilitate reseeding of dECM. To achieve this, dECM was subjected to different pretreatment strategies before repopulation (Fig. 1) .
Additional trypsin digestion of decellularized extracellular matrix
Data from studies dating further back and involving enzymatic decellularization protocols suggest a significant degradation of the basement membrane by trypsin [12] . Hence, in the current study, a short additional treatment of dECM with trypsin was attempted to destabilize the basement membrane with anticipated facilitation of the in vitro repopulation of the interstitial vicinity. As previous data on the appropriate concentration and necessary incubation times are not available, different settings were tested in pilot experiments indicating a concentration range between 10 µM (representing 0.025%) and 100 µM (representing 0.25%) being the most effective in terms of basement membrane degradation, whereas stronger treatments induced by higher incubation times resulted in grossly disintegrated ECM over the entire cusp thickness (data not shown). Hence, a systematic evaluation of trypsin treatment in concentrations of 10 and 100 µM over up to 48 h was performed (data not shown). Excised dECM cusps were incubated with trypsin-ethylenediaminetetraacetic acid (Life Technologies, CA, USA) for 30 min at 37°C and 5% CO 2 .
Femto second laser-based manipulation of dECM
In cooperation with the Laser Zentrum Hannover e.V., the surface of dECM was photodisrupted using an amplified femto second laser (fsL) system (Spitfire, Newport Corporation, USA). Thereby, locally defined gaps in µm range were induced to overcome the cell invasion barrier presented by the intact basement membrane in dECM. Using this method, the basement membrane of dECM was perforated on the ventricular layer applying fsL pulses with 120 femto second pulse length at 800 nm centre wavelength and 5 kHz repetition rate resulting in a pulse energy of 120, 160 and 200 µJ, respectively, at a spot size of 100 µm in 2D matrices.
An area of 7 × 7 mm 2 was perforated in a rectangular configuration on 7 × 7 spots, with a centre-to-centre distance of 1 mm, each measuring 100 µm in diameter. Transportation and laser manipulation were carried out under sterile conditions. fsL-treated dECM were subjected to structural analyses or stored in a buffer solution containing antimicrobiotics until further use.
Cell preparation, seeding and cultivation
Primary ovine VIC were isolated from aortic heart valves by mincing and submitted to 2D cell culture using Dulbecco's modified eagle medium (DMEM) supplemented with penicillin/streptomycin, amphotericin B, L-glutamine, non-essential amino acids as well as 10% foetal calf serum at 37°C and 5% CO 2 . VIC from passage 3 to 6 were embedded in a 3D matrigel-based ECM (mECM) or seeded on dECM (Fig. 1B-D) and cultivated according to different protocols. For cell reseeding on dECM, a previously established ECM evaluation culture device (EECD) was utilized ( Fig. 1C ) [13] . Thereby, reseeding and cultivation of a defined number of cells on a determined area (50 mm 2 ) was provided under controlled conditions (Table 1) .
VIC were reseeded on dECM in EECD and cultivated for 7 days. Medium was changed every 2-3 days. In experiments involving fsL photodisruption of dECM, the manipulated, ventricular layer of dECM was placed upwards and cells were seeded on the photodisrupted surface (Fig. 1A) .
To evaluate the role of nutrient supply in the interstitial vicinity of valvular matrix with respect to cell migration, repopulated dECM were transferred into a transwell system after 24 h of cultivation in EECD providing an initial cell attachment, keeping the repopulated ventricular layer upturned (Fig. 1D) . The repopulation of dECM with VIC was compared with VIC cultivation on mECM. For the production of mECM, a protocol initially introduced by Eschenhagen et al. [14] was adopted. In brief, Collagen type I and matrigel were mixed in a relation of 2:1 and 10× DMEM was added. pH was neutralized by sodium hydroxide (NaOH) before suspending VIC in the composition. The mixture of cells and ECM was poured into a transwell to gel inside the well with a circular rim of Velcro placed at the bottom of the transwell to install a fixation of the mECM after gelation of the matrix components (Fig. 1B) . After an initial gelation time of 45 min, the medium was added to the culture. mECM were cultured for 8 days at 37°C and 5% CO 2 , changing the medium every 3 days.
Histological and immunohistochemical analyses
Reseeded dECM and mECM were washed in PBS, embedded in KP-CryoCompound (VWR Chemicals, Radnor) and frozen with liquid nitrogen. Cryosections of 10 µm thickness were stained with haematoxylin-eosin (HE) showing ECM structure and cell distribution. Cell migration within the matrix of dECM was analysed in five representative images of HE staining. Therefore, total cell number and migration distance of VIC from the ventricularis within the matrix were measured using the ImageJ software. All cells repopulating the matrix were included. Picro-Sirius red (Sigma Aldrich) and Fast green (Merck) staining was applied according to the previously published protocols with Picro-Sirius red, indicating collagen and Fast green staining for non-collagenous proteins [15] . Movat's pentachrome staining was implemented on cryosections of 10 µm thickness to reveal the composition and integrity of ECM, as this staining typically allows for a clearly distinguished presentation of collagen fibres (stained yellow), glycosaminoglycans (green to blue or turquoise) and elastic fibres (red). Immunohistochemical staining of α-smooth muscle actin (α-SMA; Sigma Aldrich) was executed utilizing 3,3 0 -diaminobenzidine (DAB 5000 plus, ZytomedSystems). All stainings were visualized with a Leica DM2000 microscope and the Leica Application Software version 3.8.
Relative collagen quantification
Cryosections (15 µm) were stained with Picro-Sirius red and Fast green and washed in distilled water. Tissue sections were detached from the slide with a blade and transferred to a tube, where the dyes were rinsed out of the sections using methanol and NaOH solution with subsequent colorimetric evaluation of the ratio of extinction at 540 and 605 nm [15] .
In situ zymography
In situ zymography was performed on cryosections (15 µm) to indicate the gelatinase activity of matrix metalloproteinases 2 and 9 (MMP2 and MMP9) as previously described [16] . Sections were incubated over night with fluorescein-conjugated gelatin from porcine skin tissue (Life Technologies) and washed in PBS. Nuclear staining was implemented with 4 0 ,6-diamidino-2-phenylindole (DAPI, Carl Roth). MMP activity was visualized by detecting the signal at 488 nm.
Multiphoton microscopy
Multiphoton microscopy (MPM) of photodisrupted dECM was implemented using a commercial multiphoton microscope (TriMScope II, LaVision Biotec, Germany) and a femtosecond oscillator (Chameleon Ultra II, Coherent, Germany) at a centre wavelength of 800 nm to visualize the tissues' auto fluorescence.
Analysis software
The ImageJ 1.48v software has been used for migration measurements of VIC and determination of total cell number. Statistical analysis has been performed with GraphPad Prism 6. All data are reported as mean ± standard error of the mean using analysis of variance (ANOVA) and Bonferroni post hoc test. Significance was defined as *P ≤ 0.05.
RESULTS
Characterization of decellularized extracellular matrix
Decellularization of ovine heart valves using a detergent solution containing DCA and SDS resulted in a comprehensive removal of donor cell material from valvular cusp tissue. The results of the applied decellularization protocol have been evaluated in detail in previous studies by our group [6, 17] . In the current study, for each experiment, dECM were only used after random testing of identically treated specimens of the same preparation for successful decellularization with essentially absent nuclei in HE sections. NaN 3 was supplemented during the decellularization process as an antimicrobial additive. No contamination events of donor ECMs occurred despite the limited sterility of initial organ harvesting and processing conditions at the abattoir premises.
Effect of additional trypsin treatment on dECM
Picro-Sirius red staining as well as Movat pentachrome staining confirmed the previously described high integrity of layered architecture of the cusp matrix ( Fig. 2A-I ) in dECM. Picro-Sirius red and fast green staining suggested a reduction in non-collagen proteins by trypsin treatment ( Fig. 2A-C) . For a better assessment of the changes induced by additional trypsin treatment, a colorimetric assay was performed to evaluate the proportion of residual donor cell material and the influence on matrix proteins. As expected, the intensified treatment with combined detergent and enzymatic decellularization resulted in significant alteration of the ratio of collagen to non-collagen proteins in dECM. In the small sample size applied here, no significant difference between the applied concentrations of trypsin was detected (Fig. 2J) .
Targeted surface manipulation of dECM by fsL-induced ablation MPM confirmed the results of fsL treatment by demonstrating clearly localized gaps in the smooth surface of dECM organized in the experimentally planned patterns (Fig. 3C and D) .
After photomanipulation of dECM, specimens were successfully used for further cell culture experiments without contamination events.
Despite the careful preparation of the specimens and particular labelling of the photomanipulated area, re-localizing the fsLtreated area in histological cross sections after cell seeding was occasionally troublesome. The introduced perforations in the basement membrane were detectable only in the minor fraction of analysed specimens (n = 3 of n = 8 specimens; Fig. 3E and F) , with best results using 120 µJ and 1 s irradiation time.
Overall 3D valvular interstitial cell distribution
To evaluate matrix reseeding and interstitial cell distribution, HE staining was performed, indicating no VIC migration into the matrix of untreated dECM (Fig. 4B and B 0 ). VIC regularly formed a cell layer on dECM surface in all groups although in some reseeded dECM, the intact multilayer could not be preserved during processing for histological analyses. However, detailed analysis with a focus on matrix repopulation at the circumference of perforation sites (Fig. 4C and C 0 ) demonstrated inconsistent repopulation results. An additional treatment of dECM with trypsin for 30 min facilitated the penetration of dECM surface to VIC after 7 days of cultivation in EECD (Fig. 4D and D 0 ). The matrix repopulation was restricted to superficial areas of dECM with a distance to surface of 21 ± 3.6 µm (Fig. 4G) . By increasing the number of reseeded cells, trypsin concentration and transferring the reseeded dECM into a transwell after 24 h, a significantly deeper interstitial repopulation could be achieved (87 ± 14.7 µm distance to surface, Fig. 4E and E 0 ) compared with untreated dECM or dECM cultivated in EECD for the full period of 7 days (Fig. 4G) . Furthermore, significant alterations in total number of VIC repopulating the matrix were found comparing untreated dECM (0 ± 0.0 cells), dECM treated with trypsin (28.6 ± 4.0 cells) and dECM treated with trypsin combined with cultivation in a transwell (98 ± 11.6 cells; Fig. 4F) . A sole increase in the number of reseeded VIC did not result in an improved interstitial repopulation of dECM (data not shown). VIC suspended and cultivated in mECM for 8 days were distributed in a largely homogenous pattern over the entire 3D culture. On the surface of mECM cultures, a higher number of closely layered VIC could be found forming a continuous cellular network.
Valvular interstitial cell activation and MMP activity
Immunohistochemical analysis of α-SMA and in situ zymography was implemented, indicating an activation of VIC after seeding on the 3D matrix (Fig. 5) . In situ zymography demonstrated considerable activity of MMP2 and MMP9 (Fig. 5A-E) . VIC building a superficial multilayer on the dECM surface showed a high level of α-SMA expression as well as accentuated MMP activity. VIC migrating into the interstitial area of dECM partially showed MMP activated. However, inside the dECM, a large proportion of VIC was observed to be quiescent without detectable α-SMA expression. These results were consistent in all dECM providing an interstitial repopulation (Fig. 5B-E) . In contrast, MMP activity in repopulated mECM could be demonstrated over the entire depth of the culture although a detailed analysis revealed that MMP signal was not present in the proximity of every single VIC (Fig. 5A and A 0 ). Likewise, VIC reseeded in mECM showed an increased α-SMA expression in all parts of the 3D culture ( Fig. 5F and F  0 ) . In interstitially repopulated dECM, VIC revealed to some extent MMP activity inside the matrix with highest level of the interstitial MMP activity demonstrated in dECM specimens cultivated in a transwell ( Fig. 5E and E 0 ). Interestingly, MMP signals were less intense in dECM pretreated with trypsin and cultivated in EECD when compared with counterparts cultured in a transwell ( Fig. 5D and D 0 ).
DISCUSSION
Despite considerable scientific effort in the past and irrespective of notable clinical success achieved with decellularized homologous heart valves, a TEHV comprising an entirely repopulated anatomical architecture has remained an unfulfilled dream for bioengineers as well as translational scientists in the cardiovascular field. This report summarizes the results of different experimental strategies aiming at intensified interstitial repopulation of decellularized aortic valve leaflets with VIC. We demonstrate for the first time the feasibility of targeted manipulation of the biointerface of a decellularized donor graft using fsL-mediated photodisruption, which results in a well-defined alteration of surface topology of decellularized aortic leaflets. The results of this report indicate that despite successful surface manipulation by fsL, a considerable VIC repopulation remains a challenge. Interestingly, the herein demonstrated results show that a short enzymatic treatment of detergent-decellularized aortic valve leaflets may well facilitate the migration of seeded VIC into the ECM and thereby prove superior for the promotion of an interstitial repopulation. Heart valve tissue engineering is one of the most intensively explored areas of research in the cardiovascular regenerative field, and with several groups already entering the clinical field this research area accounts for some of the most advanced translational results in the tissue engineering field [18] [19] [20] . However, according to the classical paradigm, tissue engineering of heart valves would comprise the combination of an ECM and appropriate cell population to form a mature living implant prior to implantation. Up to now, such a classical tissue engineering approach neither in the preclinical nor in the clinical setting has been successfully proved feasible.
It is generally believed that a long-term regenerative capacity is closely linked to the presence and physiological function of vital cells that contribute to a healthy turnover of cellular and extracellular components [21] . The rationale for the experiments resulting in this report was the manipulation of the so far successfully utilized decellularized valvular ECM in order to increase the permeability of the dECM for interstitial cells, ultimately allowing for an entirely repopulated heart valve scaffold derived from native heart valves.
When decellularization alone was applied, we observed no penetration of the dECM after reseeding of VIC. This observation after a limited time of in vitro culture is not surprising, as preclinical studies involving chronic implantation of dECM for several months have resulted in no migration of any cell type across the basement membrane of decellularized donor heart valves [7, 9, 10] . To overcome this cell migration barrier presumably represented by the basement membrane, a controlled photodisruption of the surface of dECM was performed by utilization of fsL. We were able to induce a targeted patterning of the biointerface of decellularized heart valve cusps, introducing localized disruptions of the basement membrane with an average diameter of 20-100 µm and a controlled depth of lesion extending up to 100 µm, thereby extending the depth of the basement membrane. The successful photodisruption was confirmed by independent methods, including MPM, light microscopy and histological examination. Despite technical success, the use of photodisruption as performed here was not capable of achieving an extended level of interstitial repopulation of dECM over the entire depth of the heart valve cusp. Indeed, the observed interstitial repopulation was limited to areas close to the photodisrupted region of the ECM and remained rather marginal. However, it has to be noted that these results represent the initial experience with this technology applied to decellularized heart valves. Considering the versatile options offered by laser-induced tissue manipulation [22] , improvement in the biological performance of this technology appears most likely. Hence, further exploration in future studies is warranted, especially in the context of combining laser surgery approaches with cell proliferation and cell migration studies in biological tissues.
In contrast, brief enzymatic digestion of the basement membrane using trypsin incubation proved efficient in removing the cell invasion barrier present in the valve cusp tissue. Trypsin has been described as a potential agent for decellularization of heart valves for many years [23] . Different studies dating further back have attempted the repopulation of decellularized valvular matrices, mainly using decellularization procedures including trypsin incubation. Steinhoff et al. have described a patchy, incomplete interstitial repopulation after reseeding decellularized pulmonary valves with arterial wall-derived myofibroblasts in static culture. Further, these repopulated valves have been reimplanted in a lamb model to achieve a higher cell density in vivo [23] .
In two other studies, trypsin-based decellularization protocols have been applied to pulmonary valves, and interstitial repopulation of matrices with myofibroblasts has been accomplished successfully. However, in both studies, the additional use of a bioreactor system as an extension to the initial static culture period has been necessary. Moreover, reseeding protocols differed from our work regarding overall cultivation time and comprised repetitive cell seeding [24] . Taken together, these findings are in line with our results and underline the beneficial effect of trypsin treatment regarding interstitial repopulation of decellularized heart valves. On the other hand, our own preliminary data and results of other groups suggest that trypsin treatment may affect the valvular structure by disrupting collagen fibres when exposed for too long. In contrast, shorter incubation periods result in a merely insufficient level of cell removal from the donor matrix [25] .
For this reason, more recent studies in the preclinical and notably the most advanced clinical series have omitted trypsin treatment in favour of SDS and DCA, which are capable of removing large proportions of donor cell material while preserving the ECM [19, 20] . Detergent-based decellularization currently appears to be the most successful approach to engineering novel heart valves, with the preservation of the basement membrane regarded as a key factor of success. The latter component allows for rapid endothelialization and is considered to exert some antithrombogenic effects when compared with a naked fibrillar collagen network or compared with synthetic matrix components [6] . Interestingly, the same basement membrane is regarded as a potent barrier for repopulating cells to enter the interstitial area of the implant. This barrier function of the basement membrane may be the main reason for merely incomplete interstitial repopulation in detergent-decellularized valves after 5-9 months in vivo in experimental models [7, 9, 19] . Although there have been a number of reports on successful utilization of detergent-based decellularization, to our knowledge, this is the first study focusing on the interstitial repopulation of ovine aortic valves decellularized by SDS and DCA. In this report, we have added a short trypsin treatment to regular detergent decellularization, resulting in a significant improvement in interstitial repopulation in vitro. This observation may be explained by a partial disintegration of the basement membrane during the short trypsin incubation. A further observation from this study deserves particular attention. When trypsin-treated dECM was repopulated with VIC inside a custom-made cultivation chamber (EECD), cell penetration yet remained very limited. In contrast, transferring the repopulated dECM after 24 h to a transwell system significantly increased the interstitial repopulation of dECM, presumably due to the enhanced medium supply extended to the compartment below the dECM. These findings suggest that besides the physical barrier represented by the basement membrane also medium supply and diffusion limits are crucial factors governing the interstitial repopulation of decellularized heart valve cusps. Taken together, an improved medium supply significantly enhances the overall interstitial repopulation of dECM, which in turn may lay the promising groundwork for future endothelialization.
Our study is limited by the fact that the exact identification of photodisrupted regions upon histological processing proved to be challenging. Moreover, histological processing was occasionally associated with a loss of the multilayered cell compartment on the seeded surface of the cusp, which limits the possibility of analyses focusing on cell-cell interaction in this region. Furthermore, the presented work warrants validation in a more complex model integrating biomechanical cues and flow-associated signals that may well interfere with the patterns of cellular response to the given ECM.
CONCLUSIONS
Both, photodisruption and enzymatic treatment are suitable to render detergent-decellularized heart valves to in vitro interstitial repopulation, mainly by disintegrating the basement membrane as the major cell migration barrier. However, in vitro repopulated area represents only a fraction of the entire heart valve ECM. Additional experimental sophistication may advance the in vitro results of heart valve tissue engineering.
